ABSTRACT: While structurally complex benthic egg capsules can lower the vulnerability of gastropod embryos to a variety of environmental risks, including predation, desiccation, osmotic shock, and bacterial attack, little is known about their ability to shield embryos from ultraviolet radiation (UV) I examined the exposure of benthic egg capsules of the marine intertidal gastropod Nucella emarginata to solar radiation under natural field conditions, and assessed the degree to which capsule walls protect embryos from UV Although capsules were laid under dense algal canopies at solno intertidal sites, at more wave-exposed locales they were deposited in areas d~rectly exposed to solar radiation Mcasurement of UV transmittance through the inner and outer wall of these capsules indicated that <5:; of incident 300 nm UV-B and c 5 5 ";, of incident 360 nm UV-A radiation entered the capsule chamber The outer capsule wall was responsible for the majority of UV absorption. Outdoor experiments confirmed that embryos unprotected by the thick outer capsule wall suffered higher mortality than embryos within whole capsules, when exposed to natural solar radiation. The spectral properties of capsule walls differed significantly among populations of N. emarginata, and among capsules laid by different species of Nucella. This variation was associated with intra-and interspecific differences in the thickness of the outer wall. There was no polarity to the UV-absorbing properties of the outer wall of N. emarginata capsules, however, and no evidence of methanol-soluble UV-absorbing compounds. Although the mechanism of UV absorption remains unclear, N. emarginata capsule walls do provide embryos with substantial protection from UV. These findings thus demonstrate an additional protective role for the capsules of benthic marine gastropods.
INTRODUCTION
With the recent discovery of an upward trend in the amount of solar ultraviolet radiation (UV) reaching the earth's surface (e.g. Smith et al. 1992 , Kerr & McElroy 1993 and the realization that UV can penetrate deeper into the water column than previously believed (Smith et al. 1992 , Herndl et al. 1993 , there has been a growing interest in the Impact of natural levels of UV-B (280 to 320 nm) and UV-A (320 to 400 nm) on marine organisms. These studies have focused on
( 1 ) t h e n~9 a t i v~ ~f f~r t s nf IJV on various natural populations of marine organisms (e.g. Damkaer & Dey 1983) . (2) the mechanisms by which organisms protect themselves from short wavelength radiation (e.g. Dunlap et al. 1986 , Karentz et al. 1991 , Shick et al. 1992 , Stochaj et al. 1994 , and (3) the impact of increased levels of UV on intertidal and shallow subtidal community dynamics (e.g. Jokiel 1980. Smith et al. 1992 , Herndl et al. 1993 Whlle considerable attention has been directed towards the effects of UV on adult stages of benthic marlne invertebrates, substantially less is known about the susceptibility of their embryos and larvae to UV Alternate stages in the life-histories of many marine organisms experience extremely different hght regimes (see Thorson 1964) . For example, -7016 of benthic marine species produce free-swimming planktotrophic larvae (Thorson 1950) . With limited powers of locomotion, these larvae may be exposed to considcrdbly hlgher doses of UV during development than benthic adults confined to shaded or deeper water habitats. Direct exposure of embryos and larvae to artif~cial UV sources has resulted in such stage-specific effects as abnormally delayed cleavage (Giese 1938 as cited in Worrest 19821, photokinetic responses (Pennington & Emlet 1986 ; and references therein), or death (Da~nkaer & Dey 1982 , 1983 , P(1nn:ington & Emlet 1986 . The large buoyant eggs and later developmental stages of some species may b e partially protected from the mutagenic effects of UV by strong pigmentation (Pennington & Emlet 1986 , Griffiths 1965 and Ryberg 1980 as clted in Pennington & Emlet 1986) or through biochemical protection associated with the presence of mycosporine-like amino acids (MAAs; Karentz 1994 ). Likewise, larvae may survive periods of intense UV irradiance by die1 migrations into deeper water (Pennington & Emlet 1986 ). Further research is necessary, however, to determine how well established such mechanisms ol UV protection and avoidance are among the embryos and larvae of benthic marine invertebrates.
Many benthic marine invertebrates shield their embryos from direct exposure to environmental risks by packaging them within protective coverings. [As defined by Giese & Pearse (1974) , all pre-metamorphic developmental stages will be termed 'embryos' during their confinement within these protective coverings]. This is a common phenomenon among members of such invertebrate phyla as the Platyhelminthes, Nemertinea, Annelida, and Mollusca. These species deposit their eggs within a variety of structures, ranging from tough multi-laminated capsules to soft gelatinous ribbons and masses. While these protective coverings may lower the vulnerability of embryos to predators (e.g. Spight 1977 , Brenchley 1982 , Rawlings 1990 , desiccation (Fretter & Graham 1962 , Pechenik 1978 , Rawlings 1995a , osmotic stress (Pechenik 1982 (Pechenik 1983 , and attack by bacteria and protists (Lord 1986, Rawlings 1995133 , little is known about the ability of capsule walls and egg mass jelly to shield embryos from UV (but see Biermann et al. 1992) .
In this study I examined the spectral properties of e g g capsules produced by the temperate marine gastropod Nucella emarginata (northern speci.es; Palmer et al. 1990 ). These snails a.re common inhabitants of the rocky intertidal zone from Alaska to California a n d range across wide extremes in wave-exposure. Females deposit eggs year-round within 6 to 10 mm long vase-shaped egg capsules and attach these to firm substrata in the intertidal zone. Embryos develop within the capsule chamber for as long as 140 d (sect Palmer 1994) before hatching as juvenile snails (Strathmann 1987) . During this devclopmental period, the capsule wall, consisting of both a thin inner wall ( < 5 pm] and thick outer wall (usually c l 0 0 pm; Rawlings 1990 Rawlings , 1995b , represents the primary barrier separating embryos from sources of mortality associated with their external environment. The objectives of this study were (1) to estimate the degree of exposure of naturally deposited capsules to solar radiation, (2) to measure the transmittance of UV across the walls of these capsules, and (3) to determine the vulnerability of encapsulated embryos to ITV
MATERIALS AND METHODS

Survey of naturally deposited e g g capsules of
Nucella emarginata. In August 1994, 1 conducted a field survey to document the range of intertidal I--~a c r ohabitats used as spawning sites by Nucella emarginata, and to assess the exposure of egg capsules to direct solar radiat~on wi.thin these microhabltats. This fieldwork was conducted in the vicinity of the Ramfield Marine Station (BMS) on the west coast of Vancouver Island, Barkley Sound, British Columbia, Canada (48'50' N, 125"08'W) . I chose 3 intertidal sites for t h~s survey based on their exposure to wave action and also on the local availability of intact capsu1.e~ at these sites during the survey period. These sites were (1) Ross Islet (48" 52' 12" N, 125" 9' 42" W), (2) Wizard Islet (48" 51' 24" N, 125" 09'36" W), and (3) Kirby Point (48" 50' 42" N, 125" 12' 24" W) . These have been ranked in wave-exposure based on (3.) the maximum height of the Balanus glandula zone, (2) the lowest height of vascular plants, and (3) offshore measures of wave height; all 3 measures have placed these sites in the following order along a gradient of increasing waveexposure: Ross Islet < Wizard Islet < Kirby Point ( A . R. Palmer unpubl. data).
At each site, a 10 m stretch of shoreline was selected in a region where ~Vucella emarginata and their egg capsules were abundant A 5 to 10 m long transect line was then placed parallel to the waterline, at a tidal height that intersected the vertical distribution of N. emarginata [Ross Islet: 2.43 m (above Extreme Low Water Spring, ELWS. chart datum); Wizard Islet: 2.91 m; Kirby Point: 3.20 m]. To determine the availability of microhabitats for capsule deposition within th.e selected area, I placed a 0.1 X 0.1 m quadrat (divided into 25 X 0.004 m2 grids] at intervals of either 0.25 or 0.5 m along the transect line. Within each quadrat, I estimated the percent cover of any algal canopy (e.g. Fucus gardneri, Mastocarpus papillatus) covering the primary substratum. This aJgaI cover was then removed and the percentage cover of all understorey microhabitats estimated.
To determine the microhabitats used for capsule deposition by Nucella emargjnata, I searched for 20 groups of intact capsules within 0.25 m of the transect line. A group of capsules consisted of either a single clutch of capsules laid by 1 female, or an aggregation of multiple clutches produced by many females. Once a group of capsules was found, it was marked by attaching a piece of flagging tape next to the capsule mass. Because any algae overlying these capsules had to be displaced to locate each group, 1 co.uld not estimate the exposure of capsules to direct solar radiation on the same day that they were tagged. Upon returning to these sites, usually on the following day, I noted whether capsules were visible prior to displacing the algal canopy. If capsules were visible, I measured the vertical and horizontal angle of unobstructed exposure to sunlight using a modified map divider and protractor (see Fig. l ) , and also the mean direction of exposure using a compass. The quadrat was then centered over the group of capsules, and the percentage cover of algal canopy and understorey rnicrohabitats estimated, as described above. Because N. emarginata capsules are firmly fixed to the substratum and rarely removed by predators or wave action, the selection of specific b) Top view mean compass bearing Fig. 1 . Nucella emarginata. Measurement of (a) vertical and (b) horizontal angles of exposure of 2 naturally deposited groups of egg capsules to solar radiation. Angles were measured using a map d~vider and modified protractor microhabitats for spawning was assumed to reflect a direct preference for these microhabitats rather than a differential 'loss' of capsules among microhabitats. The types of substrata on which capsules were deposited were also recorded for each group of capsules. Because capsules were laid almost exclusively on bare rock and the shells of the barnacle Sernibalanus canosus, I categorized capsules according to whether they were deposited (1) on bare rock, nestled against other organisms, (2) inside S. canosus tests, ( 3 ) on the outside surfaces of S. cariosus tests, or (4) on open bare rock. This classification provided a crude index of the relative exposure of capsules to desiccation and solar radiation (1 = most protected, 4 = most exposed); this ranking did not consider the potential ameliorating effects of an overlying algal canopy, if present. This procedure was repeated for all 3 study sites.
In early September 1994, I examined a fourth intertidal site located inside the entrance to Execution Cave, Barkley Sound (48'48' 48" N, 125" 10' 36" W ) . This site was of interest because of the unusual conditions associated with the cave environment (high humidity, low solar radiation) and the marked difference between microhabitats selected for capsule deposition at this site compared to the other locales. I quantified this difference by placing 0.1 X 0.1 m quadrats over the first 20 groups of capsules found within the cave, and recording the percent cover of microhabitats around each group of capsules and the substrata on which the capsules were deposited.
Spectral properties of Nucella e g g capsules. The spectral properties of N. emarginata egg capsules were measured using a fiber optic probe system originally designed to examine light absorption through thin layers of plant tissue (see Vogelmann & Bjorn 1984 , Vogelmann et al. 1988 . To examlne llght transmittance through N. en~arginata capsule walls, capsules were opened, emptied of contents, and rinsed with distilled water. A small piece of the capsule wall (-1.5 X 1.5 mm) was then cut from the central region of the capsule case and mounted between 2 plastic coverslips. Each coverslip had a 1 mm diameter hole drilled at identical positions, such that when these 2 holes were superin~posed light could travel across the exposed capsule wall unimpeded by the coverslips. A piece of wet absorbent tissue was also compressed between the coverslips to ensure that the capsule piece remained moist. Once the capsule was secure, the coverslips were mounted in a permanent holder positioned a fixed distance (180 mm) from a light source. Collimated light, provided by a 150 W xenon arc lamp, was focused on the outer surface of the capsule piece. The light gathering end of a modified fiber optic probe (16 pm in diameter), mounted in the eye of a needle and attached to a micromanipulator, was then brought to within 0.06 mm of the inside layer of the capsule wall. The opposite end of the fiber optic probe was connected to a spectroradiometer interfaced with an IBM computer.
I recorded the intensity of radiant energy crossing the capsule plece at 2 pm intervals for a range of wavelengths spanning both the UV-A (320 to 380 nm, including 1 measurement at 400 nm) and the UV-B region (280 to 380 nm). Each experimental trial was replicated 3 times using the same capsule piece. For each 'within capsule' replicate, the fiber optic probe was kept at the same distance from the light source, but was moved to a new position -0.2 mm on either side of the original measurement. Each experimental trial was calibrated against a control trial (3 replicates) in which the fiber optic probe was positioned at the same distance from the xenon light source, with coverslips and stand in place, but without a capsule piece present. Experimental trials and their respective control trials were always run consecutively to minimize any error associated with a temporal change in the output from the xenon light source. Percent transmittance values for capsule pieces were calculated by dividing the light transmlttance for experimental trials by the average transmittance for each control trial. A correction was applied to all measurements of light transmittance to negate the effect of light scattering by capsule walls (see Day et al. 1992) . To do this, recordings of light transmittance were made at 500 nm for a representative group of all capsules used in this study. Based on the color of these capsules, relatively little light should be absorbed by the capsule wall at this wavelength; hence, any reduction in light intensity due to the capsule piece must result from light scattering. All transmittance values in the UV-A and UV-B range were corrected by dividing by the percentage of light transmitted across the capsule wall at 500 nm.
Light transmittance was also measured at various depths within the thick outer capsule wall. The fiber optic probe was advanced until it lust contacted the inner surface of the capsule piece and was then driven through the capsule wall by a stepping motor (0.5 to 1.0 pm steps). A Gaertner microscope was used to guide the orientation and position of the probe. Llght readings were recorded at 2 pm intervals through the capsule wall for a representative wavelength of 300 nm. The percentage of light transmitted was determined by dividing the amount of light detected at specific depths in the wall by the amount of light detected once the probe had completely penetrated the capsule piece. A correction due to scattenng was applied by fitting a curve to the measurements of light transmittance with depth of penetration (in percent) for scans at 300 nm and 500 nm for the same capsule pieces. Once these functions had been determined, transmittance values at 300 nm were divided by the percentage of light transmitted at 500 nm for specific depths.
Using these techniques, in May 1994 I compared the spectral properties of freshly spawned capsules from 3 populatlons of Nucella emarginata in Barkley Sound: Grappler Inlet (48" 49' 54" N, 125" 06' 54" W ) , Ross Islet, and Kirby Point. Capsules were also collected from a laboratory population of N. emarginata, consisting of snails born and raised entirely at BMS Initial tests examined the spectral properties of the inner and outer capsule wall separately. All subsequent examinations used the whole capsule wall, except where noted otherwise.
I tested for the presence of UV-absorbing MAAs within Nucella emarginata capsule walls by comparing the spectral properties of paired capsule pieces soaked in seawater versus thosc soaked in 80% methanol, a solvent employed to extract MAAs (Karentz et al. 1991) . Five laboratory-spawned capsules were bisected and rinsed in sterile seawater to remove their contents. One half of each case was then placed in 5 m1 of sterlle seawater, while the matching piece was deposited in 5 m1 of 80% methanol. All capsules pieces were kept in these solutions for 24 h at 4OC; MAAs are readily extracted by methanol over the course of only a few hours (e.g. Karentz et al. 1991) . Following this, I soaked all capsule pieces in sterile seawater for 2 h and compared the spectral properties of matching capsule halves.
To compare the spectral properties of capsules among species, in May 1994 I collected capsules from 2 other species of Nucella, N. lamellosa and N. canaliculata, at intertidal locations in Grappler Inlet and Kirby Point, respectively. The spectral properties of these capsules were measured as described above for N. ernarginata capsules.
Vulnerability of encapsulated embryos to ultraviolet radiation. Between July and September 1993. I conducted 2 sequential outdoor experiments at BMS to compare the vulnerab~lity of embryos within stripped and whole capsules to UV Both experiments followed the same protocol. For Expt I, pairs of capsules were collected from clutches laid by laboratory-ralsed female Nucella emarginata. One capsule from each pair was stripped of 2 panels of its outer capsule wall (Rawlings 1995b) , and the other was left whole. All capsules contained late 3rd-stage or early 4th-stage veligers, (LeBoeuf 1971) . Paired capsules were arranged side by side on each ray of a 6-rayed TygonTu holder (see Rawlings 1995b) . Once 12 holders had been filled with capsules, each holder was placed in a sterilized culture jar containing 250 m1 of autoclaved, antibiotic-treated (0.050 g 1-' penicillin; 0.030 g 1-' streptomycin) seawater, such that capsules were suspended approximately 20 mm below the water surface. Each jar was then randomly assigned to 1 of 3 sunlight treatments (n = 4 jars treatment-'): (1) dark, (2) sunlight filtered to remove UV-A and UV-B (UV-filtered), and (3) sunlight filtered to remove wavelengths shorter than UV-A and UV-B (UV-exposed). Treatment conditions were created by mounting either a n opaque Plexiglas cover, a UV-filtering Acrylite cover (50"h cutoff at -395 nm) or a UV-transmitting cover (50% cutoff at -285 nm) above each culture jar. The spectral properties of each Acrylite plate were confirmed using a UV visible Perkin-Elmer Spectrophotometer (Coleman 139).
Each culture jar was inserted into a rack mounted in a n outdoor seawater tank. The rack consisted of a wooden frame with 4 removable opaque plastic trays; each tray had 3 wells in which a culture jar could be positioned. Treatment conditions were arranged in a randomized block design, such that 1 jar from each treatment was placed in the same tray. Because the jars sat snugly within their wells, the only light to enter each jar had to pass through the Acrylite or Plexiglas cover mounted above. Underneath the rack, each jar was bathed in a pool of flowing seawater, thus keeping the water temperature within each jar relatively stable during the experiment ( l l to 13°C). Temperature readings were taken within each jar at irregular intervals. On sunny days, the seawater table and experimental apparatus received direct sunlight from noon until late in the afternoon.
Expt I was conducted over a period of 15 d from July 27 to August 10. During this period, daily UV-B measurements were provided (when available) by a Brewer UV Scanner at the Saturna Island Monitoring Station (48" 44' N, 123" 8' W) on the eastern side of Vancouver Island. This scanner records 1 to 2 UV-B measurements per hour between sunrise and sunset (see Kerr & McElroy 1993) . The maximum midday UV intensity measured between 11:OO and 14:OO h each day was used to set an upper limit for cond~tions expected at Bamfield. Daily records of the number of hours of sunshine were also collected from the nearest weather station in Tofino (49" 07' N, 125" 53' W) on the west coast of Vancouver Island. Capsules were checked daily for any change in their appearance and the water within each culture jar was replaced with freshly sterilized, antibiotic-treated seawater at 4 to 5 d intervals. The experiment was terminated on Day 15 following the appearance of a purple color in many of the stripped capsules exposed to UV Capsules were then opened individu--11..
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counted. An embryo was considered dead (or dying) if there was evidence of: (1) tissue necrosis, (2) an extensive purple color associated with the visceral mass, (3) the cessation of ciliary beating in the velar lobes, or (4) non-responsiveness to touch. Usually at least 2 or more of these characteristics were evident in dead embryos. Since velar cilia can be found beating even in detached portions of Nucella ernarginata embryos (Rawlings pers. obs.), ciliary activity alone was not used to confirm embryonic survival. The presence/absence of protists within each capsule was also noted. Expt I1 was conducted over a period of 24 d from August 15 to September 7. All capsules used in this experiment were collected from Ross Islet and contained 2nd-stage veligers or earlier developmental stages (see LeBoeuf 1971) .
Statistical procedures. Parametric statistics were used where their assumptions could b e met. Variances were compared for homogeneity prior to undertaking each analysis; in cases where variances were heterogeneous, the data were transformed (arcsine transformed for percentage data), and retested for homogeneity of variances. If variances were still heterogeneous, a parametric test allowing for heterogeneous variances was undertaken (e.g adjusted t-test, Sokal & Rohlf 1981) or an equivalent non-parametric test was used.
RESULTS
Survey of naturally deposited egg capsules of
Nucella emarginata
The availability of different microhabitats varied substantially among the 3 study sites ( Fig. 2 ; hollow bars). At both Ross Islet and Wizard Islet, substantial algal cover (>60%) was present, consisting mainly of Fucus gardneri and to a lesser extent Mastocarpuspapillatus; this algal canopy was totally absent from IQrby Point. The availability of understorey microhabitats also differed among these sites, primarily in the amount of bare rock, turf algae, barnacles and mussels.
Microhabitats associated with Nucella emarglnata capsules were not a random selection of those available ( Fig. 2 ; hollow vs filled bars). Preferences of snails for specific microhabitats also differed substantially among sites (Ta.ble 1 ) . At Ross Islet, snails selected areas for spawning that had a more extensive algal canopy, but a reduced amount of turf algae, relative to available habitats. At Wizard Islet, capsules were deposited in areas with more algal cover, Sernibalanus cariosus, and bare rock, but a reduced cover of Mytilus spp. and Balanus glandula. Snails at Kirby Point, whprp t h~r~ w a q n o alrjal canopy. exhibited a significant preference for microhabitats with a greater cover of gooseneck barnacles Pollicipes polymerus and turf algae.
Although capsules were laid exclusively on bare rock or the shells of Semibalanus cariosus at all 3 sites, the frequency with which these substrata were used differed significantly among locations (Fig. 3) . Under the algal canopy at Ross Islet, the majority of capsules were found on open, bare rock surfaces, with <20% of capsules present in more sheltered habitats. Likewise, under the algal canopy at Wizard Islet, snails deposited their capsules almost exclusively on either bare rock surfaces or the outer surfaces of S. cariosus tests. At Kirby Point, there was a marked difference in the selection of substrata used for capsule deposition. Although barnacles and bare rock were each used with relatively equal frequency, the majority of capsules were squeezed next to other organisms or deposited within the protective confines of empty S. cariosus tests (see Fig. 4 ). Relatively few capsules were found on open rock surfaces.
Despite the lack of an algal canopy overlying Nucella emarginata capsules at Execution Cave, capsules were laid in areas with a very sparse covering of mussels and barnacles (<20% cover), and large areas of bare rock (Figs. 2 & 3) . The majority of these capsules were deposited on completely exposed surfaces; fewer than 35 % were nestled amongst other organisms.
Capsules also differed in their exposure to solar radiation among sites (Fig. 5 ) . This difference largely reflected the presence and extent of the algal canopy overlying Nucella emarginata egg capsules. At Ross Islet and Wizard Islet, with an algal canopy covering > 9 0 % of quadrats with capsules, N. emarginata capsules were well protected from direct radiation during periods of emersion. The lack of an algal canopy at Kirby Point, however, left capsules considerably more exposed to direct sunlight. Although snails at this site (Fig. 6 ). The thick outer wall was chiefly responsible for this UV absorption. The spectral properties of capsules differed substantially among the 3 populations of N. emarginata sampled.
Capsules collected from Ross Islet transmitted significantly more UV than capsules collected from either Grappler Inlet or Kirby Point (Fig. 7) ; these differences were marginally significant for UV-A and very significant for UV-B. Significant differences were also evident among the spectral properties of N. emarginata (Kirby Point), N. lamellosa (Grappler Inlet) and N. canaliculata (Kirby Point) capsules: N. lamellosa capsules were more transparent to UV than either N. emarginata or N. canaliculata capsules (Fig. 8 ) . N, lameUosa capsules also allowed significantly more UV to enter the capsule chamber than even the most transparent N. emarginata capsules from Ross Islet [2-way nested ANOVA for each wavelength: 360 nm UV-A: F(popu1ation) = 6.69, df = 1,14, p < 0.025; 300 nm UV-B: F(popu1ation) = 14.73, df = 1,14, p < 0.01)]. UV transmittance declined exponentially as a function of depth within the outer wall of Nucella emarginata capsules. Over 90 % of incident 300 nm UV-B was absorbed within the outer half of the wall (Fig. 9 ). Despite this, there was no polarity to the UV-absorbing properties of this wall; light transmittance profiles were almost identical regardless of whether the outer wall was oriented forwards or backwards with respect to the light source. The percent transmittance of UV also varled similarly with depth within the outer walls of N. canaliculata and N. lamellosa capsules (Fig. 9 ) . Differences in the spectral properties of capsules among Nucella spp. thus appeared to reflect differences in the th~ckness of the outer wall. Attempts to extract UV-absorbing compounds from the capsule wall using 80% methanol proved unsuccessful. A 2-factor ANOVA compared the effect of extraction solvent (i.e. methanol vs water) and capsule source (5 different Despite relatively few days with prolonged sunshine, sunlight treatment had a significant effect on embryonic survival (Fig. 10, Table 2 ): embryos in capsules exposed to UV suffered substantially higher mortality than those in dark or UV-filtered treatments. Of those capsules exposed to UV, embryos in stripped capsules had signif~cantly lower survivorship than those in whole capsules. Of 129 embryos within stripped capsules that died during exposure to UV radiation, 78.3 % exhibited a strong purple coloration indicative of phys- This change in coloration was never seen in embryos exposed to other light treatments, or in embryos within whole capsules. Among-treatment differences in embryonic mortality were unlikely to have resulted from differences in water temperature. Repeated measurements of water temperature within the culture chambers during the mid-late afternoon of warm sunny days did not reveal any s.ubstantia1 differences among treat- (Fig. 10, Table 2 ). One series of replicates had to be terminated because cultures became contaminated with protists which killed embryos within most stripped capsules; no other cultures were contaminated, however. In the remaining replicates, embryonic mortality was significantly affected by sunlight treatment: survival was significantly lower in the UVexposed treatment versus the dark and UV-filtered treatments. Although capsule wall treatment (stnpped vs whole) had no significant effect on embryo survival, mortality was considerably higher in stripped capsules exposed to UV than in whole capsules. A 2-way non- parametric ANOVA comparing embryo survival within stnpped and whole capsules exposed to UV in Expts I and I1 revealed both a significant effect of the capsule wall (stripped vs whole: = 3.92, df = 1, p i 0.05) and a significant difference among experiments (Expt I vs 11; x2 = 4.82, df = 1, p < 0.05). Table 2 . Percentage (mean + SE) of embryos surv~ving within jars containing 6 whole and 6 stripped capsules when exposed to 
DISCUSSION
Structurally complex benthic egg capsules or gelatinous egg ribbons may protect developing embryos from a variety of environmental risks associated with a benthic existence (see review in Pechenik 1986 ), yet their resistance to UV has rarely been examined (but see Biermann et al. 1992) . The results of the present study illustrate not only that egg capsules of Nucella emargjnata can be exposed to appreciable amounts of solar radiation under natural conditions, but also that their capsule walls act to shield embryos from the potentially lethal effects of UV-B. Thus, these findings demonstrate an additional protective role for the capsules of benthic marine gastropods.
Selection of spawning habitats by Nucella emarginata
Many species of neogastropods exhibit a remarkable specificity for certain spawning habitats. Individuals of Nucella lamellosa, for instance, often return to the same spawning locations year after year (Spight 1974) . In other species, the lack of 'suitable' substrata for spawning may limit reproduction entirely (Brenchley 1981) . Despite this specificity, however, the role that biological (predation) and physical (desiccation, heat stress, UV) factors play in the selection of spawning habitats remains poorly understood. Although areas exposed to direct solar radiation may be less favored for spawning by many marine gastropods (e.g. Emlen 1966 , Gallardo 1979 , Biermann et al. 1992 , this study), this may not reflect avoidance of UV specifically. Higher wavelength radiation, desiccation and heat stress are all associated with increased solar radiation, and hence could also be selective forces influencing the preference of gastropods for shaded spawning areas.
Physical stresses undoubtedly influence the selection of spawning habitats by Nucella emarglnata. At Execution Cave, where environmental stresses such as UV, desiccation, and heat stress were likely to be low relative to other sites, the majority of capsules were laid in areas unprotected from these stresses. At other sites, where these stresses were severe, the selection of spawnlng sites depended on the presence of an algal canopy. Where a thick algal canopy was available, snails deposited capsules within the moist, shaded confines of this canopy. At more wave-exposed locales, which typically lack an extensive canopy (see Menge ?97E(, this sti~d;i), sn?j!~ !;id ~; p s i~!~s ~uithjn h a r n p r l p tests or near clumps of Polljcipes polymerus; capsules within these habitats remained moist during emersion, but were considerably more open to direct solar radiatlon Because wave-exposed populations of N emarglnata in Barkley Sound spawn primarily in the spring and summer months (Gosselin 1994, Rawllngs unpubl data) , and because these populations persist from year to year, embryos of thls species appear able to tolerate periods of dlrect exposure of their capsules to UV Thus, exposure to UV appears unimportant in the selection of spawning sites by thls species In contrast desiccation stiess is likely to be a frequent source of mortality fol embryos of Nucella spp (Feare 1970 , Spight 1977 Although encapsulated embryos can withstand up to 80% water loss from the capsule chamber, capsules desiccate quickly under summer field conditions unless protected by a n algal canopy (Rawlings 1995a) or other moist habltats Avoidance of desiccation stress may thus explaln the preference of N emarginata for the spawning habitats selected in this study Spectral properties of Nucella e g g capsules The leathery capsules of Nucella emarglnata provided embryos with substantial protection from UV, allowing < 5 % of incident 300 nm UV-B and <55% of Incident 360 nm UV-A to cross the capsule wall. N. lamellosa, and N. canaliculata capsules also absorbed a high percentage of incident UV-B. Other types of gastropod egg coverings, however, may not be such effective UV shields. For instance, Biermann et al. (1992) found that the egg mass jelly of the dorid nudibranch Archidons montereyensis provided embryos with little protection from mortality associated with exposure to direct solar radiation, although embryos embedded deeper within these e g g masses did experience higher survival relative to peripheral embryos (Biermann et al. 1992) . Differences in the protective nature of these encapsulating structures may result from variation in their material compos~tion. Within one subclass of Gastropoda alone (e.g. the Prosobranchia), egg coverings vary substantially in morphology (i.e. size, shape, surface texture), chemical composition, and structure (i.e. leathery vs gelatinous), yet the relative merlts of these properties as shields against UV are unknown.
The mechanism by which Nucella capsules shield embryos from UV remains unclear. In terrestrial plants, leaf surface reflectance provides a first line of defense against UV (Gausman et al. 1975 , Robberecht et al. 1980 . Given the profiles of UV transmittance through the capsule walls of Nucella spp., however, surface z c a t t~r i n r~ iz ~~n l i k~l y t n he ~utenqive r~l a t i v e to ahsorption by the capsule wall itself. In plants, UV transmittance is also inversely correlated with the thickness of the epidermis (Day 1993 ). This appears true for cap-sules of Nucella spp.: capsules collected from Grappler Inlet and Kirby Point, where snails lay thicker-walled capsules (Rawlings 1994) , absorbed significantly more UV-A and UV-B than thinner-walled capsules from Ross Islet. Interspecific differences in the spectral properties of Nucella capsules also reflected the same trend. Thinner-walled capsules of N. lamellosa (Rawlings unpubl. data) were significantly more transparent to UV than the thicker-walled capsules of N. canaliculata and N. emarginata. Absorption of UV did not vary among the different microstructural regions comprising the outer wall of these capsules, however (see Rawlings 199513) . Thus, the UV-absorbing properties of Nucella capsules appear associated with some general component of the outer capsule wall itself.
Despite the prevalence of MAAs as biochemical defenses against UV in many marine organisms (Karentz et al. 1991) , these amino acids were not present in the capsules of Nucella enarginata. The soaking of capsule pieces in methanol for over 10 times the length of time required for 99% extraction of MAAs from minced tlssues (Karentz et al. 1991) had no significant effect on UV transmittance. While MAAs have been extracted from a variety of Antarctic ma.rine gastropods, including the muricid snail Trophon cf. geversianus, attempts to extract MAAs from whole capsules (including eggs) of Trophon cf. geversianus have proved fruitless (Karentz et al. 1991) . Likewise, only trace amounts of 1 MAA have been found in the benthic egg ribbons of an unidentified nudibranch (Karentz et al. 1991) . MAAs are present in the eggs of limpets and fish species with planktonic development (Chioccara et al. 1980 , however, perhaps reflecting differences in the exposure of freely developing embryos and larvae to UV versus those confined within protective coverings (see Karentz 1994) .
What then is responsible for absorbing UV radiation within the walls of Nucella egg capsules? Although neogastropod egg capsules are composed mainly of protein and carbohydrate produced by a capsule gland in the oviduct (e.g. Hunt 1966 , Bayne 1968 , Hunt 1971 , Flower 1973 , Sullivan & Maugel 2984 Hutchinson 1988), their UV-absorbing properties may be associated with compounds produced in the ventral pedal gland that cross-link capsule proteins (see Price & Hunt 1973 & Hunt , 1974 & Hunt , 1976 . Price & Hunt (1973) first noted that capsules of the neogastropod Buccinum undatum fluoresced a blue-white light when exposed to UV. Subsequent investigation indicated that this fluorescence resulted from the presence of a yellow fluorophore covalently bou.nd to peptides within the capsule wall (Price & Hunt 1974) . Examinations of both the fluorophore and secretions of the ventral pedal gland suggest that this substance c0ntain.s aromatic aldehydes and proteins, but further characterization has been unsuccessful (Price & Hunt 1974 , 1976 . While simllar UV-fluorescing compounds have not been described for Nucella egg capsules specifically, given the yellow color of these capsules, and their similar chemlcal properties to Buccjnum capsules, the UV absorption of Nucella capsules m.ay also result from fluorophores within the capsule wall.
Significance of the capsule wall as a barrier to UV radiation Even though capsule walls may filter a large proportion of incident UV, this does not necessarily imply that this absorption is biologically significant. A substantial fraction of potentially lethal UV-B radiation still enters the chamber of even the thickest-walled Nucella emarginata capsules. Ltkewise, UV-A has some deleterious consequences for aquatic organisms (e.g. Smith et ai. 1992 ), yet its passage across the capsule walls of Nucella spp. is relatively unhindered compared to UV-B. Given these facts, is the capsule wall really a biologically significant barrier to UV?
The results of outdoor experiments using stripped and whole Nucella emarginata capsules indicate that capsule walls are indeed biologically significant UV filters. While capsules were likely exposed to higher doses of UV than they would experience under normal field conditions, these experiments illustrate an important point. The absorption of UV by outer capsule walls can mean the difference between survival and death for encapsulated embryos. Embryos devoid of this barrier suffered substantially higher mortality when exposed to natural solar radiation compared to embryos within whole capsules, or those in stripped capsules not exposed to UV. Although some embryos did die in whole capsules exposed to UV in Expt 11, this difference among experiments could reflect variation in the source population of capsules (i.e. thick-walled lab-laid capsules vs thin-walled Ross Islet capsules for Expts I and 11, respectively), differences in the tolerances of early-versus late-stage embryos to UV, or simply differences in the duration and intensity of UV exposure between these experiments. Nevertheless, embryos in stripped capsules exposed to UV did exhibit higher mortality in both experiments.
The relatively low absorption of UV-A by the capsule walls of Nucella spp. may reflect differences in the amount of biological damage caused by UV-A versus UV-B radiation. Although UV-A can have a negative effect on photosynthetic organisms by causing photoinhibition in phytoplankton (e.g. Helbling et al. 1992 , Smith et al. 1992 and references therein), the great variability of responses among marine organisms to UV-A has led some to believe that this form of radiation is not a unique or very important environmental factor (Damkaer et al. 1980) . In fact, exposure to UV-A may even be beneficial to many organisms. Some species are able to detect UV-A and use it as a cue for avoiding exposure to the more harmful UV-B (Bothwell et al. 1994 , and references therein). Likewise, the presence of UV-A can be critical to the successful photoenzymatic repair of DNA damaged as the result of exposure to UV-B (e.g. Karentz et al. 1991 , Smith et al. 1992 ). Hence. UV-A exposure may be far less detrimental to non-photosynthetic marine organisms than exposure to UV-B.
Positive associations between the exposure of organisms to UV and the presence of effective defenses against UV also provide strong evidence for the biological significance of such defense mechanisms. In many species, higher concentrations of MAAs are found in those organisms with a greater exposure to UV (e.g. Dunlap et al. 1986 , Shick et al. 1992 . Likewise, the ability of amphibian eggs to repair UV-damaged DNA is enhanced in species with an increased likelihood of exposure to sunlight during development (Blaustein et al. 1994) . Variation in the wall thickness and UV-absorbing properties of Nucella lamellosa, N. canaliculata and N. emarginata capsules is also consistent with the frequency of exposure of these capsules to UV. Typically, N. lamellosa has a lower intertidal distribution than either N. canaliculata and N. emarginata (Palmer 1980) , thus resulting in a shorter duration of exposure of capsules to direct sunlight. N. lamellosa capsules collected from Grappler Inlet are also thinner-walled and significantly more transparent to UV than capsules of the other 2 Nucella species. The inclusion of other potential differences ( e . g . spawning season, spawning sites, reproductive patterns) in a comparative study of capsule properties within and among Nucella species could thus further clarify the role that these benthic e g g capsules play in protecting embryos from UV.
